Staudtia kamerunensis (Myristicaceae) or 'Niové' is an evergreen tree widespread in Central African moist forests. The bark and seeds are used in traditional medicine, yet the tree is mainly harvested for its high quality, multi-purpose timber. To facilitate sustainable harvesting and conservation of the species, we aim to develop microsatellite markers that can be used to study the mating system, gene flow, genetic diversity and population structure. Genomic DNA of S. kamerunensis was sequenced on an Illumina MiSeq platform, generating 195,720 paired-end reads with 3671 sequences containing microsatellites. Amplification tests resulted in the development of 16 highly polymorphic microsatellite loci of which 14 were tested in 183 individuals of S. kamerunensis from three populations. The number of detected alleles per locus ranged from 15 to 39 and the average observed and expected heterozygosity across loci and populations were Ho = 0.713 (0.14-0.97) and He = 0.879 (0.19-0.95) respectively. The high levels of polymorphism observed in the newly developed microsatellite markers demonstrate their usefulness to study gene flow, population structure and spatial distribution of genetic diversity in S. kamerunensis.
Introduction
Staudtia kamerunensis Warb. (Myristicaceae), locally known as 'Niové', is an evergreen tree that occurs in various forest types in Central Africa. The species is most common in Cameroon, Gabon and the Congo basin where it grows in dense evergreen rainforest, forest edges and secondary forest [1] . The bark and seeds of S. kamerunensis are used in traditional medicine to treat dysentery, lung complaints, skin and mouth diseases and for wound healing [1] . The tree also produces a high quality, multi-purpose timber that is mainly harvested for flooring, stairs, ship building, furniture and railway sleepers [1] . Despite S. kamerunensis being a valuable timber tree and a possible substitute for other endangered timber species, little is known about its genetic structure and mating system. This knowledge however, is crucial for the adequate management of both natural stands and plantation forests, and to assess sustainable logging practices [1] . The intra-specific diversity and mating system determine how S. kamerunensis will cope with the increasing habitat fragmentation in tropical Africa, caused by either conversion or logging [2] . For example, species that are self-incompatible and therefore almost exclusively outcrossed, might be more vulnerable to reproductive isolation than selfing species [2] . Also, the application of suitable DNA markers in future breeding programmes of S. kamerunensis would help with the assessment of coancestry and the selection of superior parent trees to reduce the problems of inbreeding [3] .
Staudtia kamerunensis is dioecious or monoecious with unisexual flowers [1] . The seeds are covered by a thin fleshy aril which is eaten by various animals (e.g. hornbills, primates) that disperse the seeds [1] . This type of seed dispersal 1 3
is currently under high pressure since the Central African rainforests are characterized by a high degree of defaunation caused by increased hunting pressure [4] [5] [6] . Loss of frugivores results in a severely hampered seed dispersal and seedling recruitment, causing a slowdown in forest regeneration and a shift in forest structure [7] . The current overhunting in African rainforests not only causes a decrease of frugivore seed dispersers, it also causes an increase of small seed predators as they are less sensitive to hunting [5] . This trend promotes an abiotic dispersal of fast-growing trees over large-seeded animal-dispersed trees [5] , which could eventually have a large impact on the overall fitness of tree species such as S. kamerunensis. In order to study the impact of declining frugivore populations on the dispersal of S. kamerunensis, the use of highly variable, co-dominant markers such as simple sequence repeat (SSR) markers is necessary.
Simple sequence repeat markers or microsatellites are used to study gene flow, genetic variation within and between populations, phylogeographic patterns, mating systems, population structure and demographic history of populations [8] [9] [10] . Microsatellites can also be used to resolve taxonomic issues as SSRs are often characterised by a high degree of transferability between species [11] . In the Staudtia genus, two species are currently described: Staudtia kamerunensis and Staudtia pterocarpa. The status of S. pterocarpa however, only documented in São Tomé, remains to be verified [1] . Also, two varieties of S. kamerunensis have been distinguished: var. kamerunensis and var. gabonensis. These varieties differ morphologically only by the size of the fruits [12] but with fruits often being absent from collected specimens, microsatellite markers could help identifying infra-specific taxa.
The issues listed illustrate the need for co-dominant and highly variable markers. Therefore, we aim to develop polymorphic microsatellite primers for S. kamerunensis using high-throughput sequencing. These molecular markers will be characterised in three populations of S. kamerunensis to assess their applicability in population genetic studies.
Materials and methods
DNA was extracted from silica dried leaves from an individual tree of S. kamerunensis (voucher AL 1102, deposited at the herbarium of the Université Libre de Bruxelles) to develop a genomic library. Sequencing was done on an Illumina MiSeq platform at CIRAD (Montpellier, France). The sequencing run generated 195.720 paired-end reads which were merged with FLASH [13] and analysed with the QDD pipeline [14] . The implemented Primer3 algorithm [15] was used to automatically design primers following the criteria described by Malausa et al. [16] . A total of 3671 microsatellites containing sequences with primers were generated of which 48 were selected. all with a minimum of 10 di-or trinucleotide repeats and at least ten nucleotides between microsatellite region and the designed primer. An M13-like labelling protocol was used with three primers: an unlabelled reverse primer, a forward primer labelled with a unique sequence (Q1-Q3, Table 1 ) at the 5′ end and a third primer composed of the same Q-sequence but with a fluorescent dye at the 5′ end (6-FAM, NED, or VIC respectively) [17, 18] . The 48 primer pairs were then tested individually on three samples of S. kamerunensis in 15 µL amplification reactions using 1.5 µL buffer (10×), 0.6 µL MgCl 2 (25 mM), 0.45 µL dNTPs (10 mM), 0.3 µL of each primer (10 µM), 0.08 µL TopTaq DNA Polymerase 5 u/µL (QIAGEN), 1.5 µL of template DNA and H 2 O. PCR conditions were as follows: initial denaturation at 94 °C (4 min), 30 cycles of denaturation at 94 °C (30 s), annealing at 55 °C (45 s), elongation at 72 °C (1 min), and a final extension step at 72 °C (10 min). PCR products were visualized with a QIAxcel Advanced system (QIAGEN).
Of the 48 selected primer pairs, 43 showed amplification in at least one of the three S. kamerunensis samples. These 43 loci were reamplified to assess the level of polymorphism and readability of the peak pattern. Fluorescent labelling was carried out with the amplification protocol described before but with three primers: 0.11 µL of the Q-tailed forward primer, 0.3 µL of the unlabelled reverse primer and 0.3 µL of a third primer with the same universal Q1-Q3 sequence and a fluorescent dye attached to the 5′ end (6-FAM, NED, or VIC respectively). PCR conditions were as follows: initial denaturation at 94 °C (4 min); 25 cycles of denaturation at 94 °C (30 s), annealing at 55 °C or 57 °C (45 s), elongation at 72 °C (1 min); ten cycles of denaturation at 94 °C (30 s), annealing at 53 °C (45 s), elongation at 72 °C (45 s), and a final extension step at 72 °C (10 min). Genotyping was done on an ABI 3730 DNA Analyzer (Applied Biosystems) with 1 µL PCR product, 12 µL Hi-Di Formamide (Applied Biosystems) and 0.3 µL MapMarker 500 labelled with DY-632 (Eurogentec). Electropherograms were analysed using Geneious 9.1.6 [20] .
After excluding unreadable or monomorphic loci, 16 primer pairs remained and were combined in four multiplexed reactions (Table 1) Cross-amplification was not tested in S. pterocarpa for which we lacked material, but it was nevertheless tested on a closely related genus using one individual of Pycnanthus angolensis (Myristicaceae). This multi-purpose tropical tree was identified by the World Agroforestry Centre (ICRAF) as an important agroforestry species for a domestication programme. Successful cross-amplification would be very beneficial for such programmes but also for future population genetic studies on P. angolensis and possibly other Myristicaceae species.
Preliminary population genetic analyses were carried out on 183 S. kamerunensis individuals from three populations: Campo-Ma'an region (Cameroon, 2°23′57.9″N 10°24′03.4″E), Luki Biosphere Reserve (Democratic Republic of the Congo (DRC), 5°41′42.4″S 13°11′05.5″E) and Yangambi (DRC, 0°48′01.2″N 24°28′59.5″E). A reference voucher for each population was deposited in the herbarium of Botanic Garden Meise, Belgium (voucher barcodes: BR0000013978204, BR0000015225382V and BR0000013010546). Electropherograms were analysed with Geneious 9.1.6 [20] and manually corrected. SPAGeDi 1.5 [22] was used to calculate the number of alleles per locus, observed (Ho) an expected heterozygosity (He), Weir and Cockerham's fixation index (F IS ) [23] and the deviation from Hardy-Weinberg Equilibrium (HWE). The Bonferroni correction for multiple comparisons was applied with 16 210-270 57 MH704262 R: CAA TGG GAT GTC CAG AAA CT the adjusted p-value equal to 0.001. The Jackknife method in INEst v1.1 [24] was used to estimate the expected frequency of null alleles. Polymorphism information content (PIC) was calculated using CERVUS 3.0.7 [25] . The original microsatellite containing sequences used for the primer development were deposited on GenBank (Table 1) .
Results and discussion
StaK10 and StaK25 showed peak patterns that made it impossible to infer allele sizes, therefore no bins could be defined. As such, these primer pairs were discarded from further analyses. The 14 remaining microsatellite loci were highly polymorphic, showing 15-39 alleles per locus in the three populations combined, with an average of 23.29 alleles per locus ( Table 2 ). The average observed and expected heterozygosity across loci and populations were Ho = 0.713 (0.14-0.97) and He = 0.879 (0.19-0.95) respectively (Table 2) . Of the 14 loci studied, 9 loci significantly deviated from HWE in the population of Campo-Ma'an, 7 loci in the population of Yangambi and three loci in the population of Luki ( Table 2 ). All of these loci showed heterozygosity deficiency except for StaK27 in Campo-Ma'an and StaK5 in Luki. Heterozygosity deficiency was usually associated with higher null allele frequencies and is probably not due to inbreeding. Null allele frequency estimates ranged from 0 to 29.5% with an average of 5.7% (Table 2) .
After Bonferroni correction for multiple comparisons with an adjusted nominal level at 0.05/42 = 0.0012, the number of loci deviating from HWE in each population were 6, 3 and 2 loci respectively (Table 2) . PIC values ranged from 0.642 to 0.953 with an average of 0.869. These high values indicate the usefulness of the developed microsatellite markers.
The cross-amplification test in Pycnanthus angolensis showed that five loci (StaK3, StaK19, StaK27, StaK39 and StaK43) successfully amplified (data not shown). All loci were heterozygote with StaK19 showing unique alleles. The developed microsatellite markers can thus be used in genetic studies of P. angolensis and other taxa from the Myristicaceae family.
By using a M13-like labelling protocol, we managed to greatly reduce the cost of our microsatellite primers compared to studies that use primers directly labelled with a fluorescent dye. Multiplexing PCR and genotyping reactions reduces the cost even more, as well as the hands-on time.
The microsatellite primers developed in this study can thus be used in large scale population genetic studies of S. kamerunensis or other Myristicaceae species.
In summary, we developed 16 polymorphic microsatellite primers for Staudtia kamerunensis that can be used to study gene flow and spatial genetic structure at population level. This knowledge is needed to prevent genetic erosion and for adequate management of timber populations. The genetic data obtained with the microsatellites can also be linked to historic climatological and biogeographical events to unravel the evolutionary history of S. kamerunensis. Furthermore, the developed microsatellite markers can help with the correct identification of varieties within the species and with resolving the taxonomic issues in Staudtia by examining the genetic differences between S. kamerunensis and S. pterocarpa.
